 SiCp/Al composites have outstanding properties and it can be used to manufacture thin-walled workpiece. However, this material is hard to machine due to the reinforced particles existing in aluminium substrate. Rotary ultrasonic machining (RUM) is fit for machining SiCp/Al composites due to its outstanding processing features. Chatter is appeared frequently in machining thin-walled workpiece result from its poor manufacturability and it is very necessary to retrain chatter to guarantee processing quality. Based on analysis of a dynamic stability model for vibration analysis, the processing stability of a thin-walled plate of SiCp/Al composites reinforced with 45% volume fraction was analyzed and a stability lobe diagram was drawn. The experimental results show that the chatter could be prevented effectively using this method in machining process of thinwalled workpiece machined by RUM.
INTRODUCTION
RUM has many excellent processing characteristics such as small cutting force, low tool wear, low cutting temperature, high removal rate, and so on. This processing method could machine complicated workpiece accurately and efficiently, and it is very fit for machining difficult-to-cut materials, including glass, ceramic matrix composites, silicon carbide, silicon nitride, and KDP crystal [1] [2] [3] [4] [5] . However, RUM is never used to machine SiCp/Al composites in existing literatures, so the study on RUM of thin-walled workpiece of SiCp/Al composites has great significance for its application.
The manufacturability of thin-walled workpiece is poor and it is easy to deform and vibrate due to effects of cutting force in machining process [6] [7] [8] . Chatter appears frequently in machining process of thin-walled part, and it is a major factor which greatly affects processing quality and working accuracy, therefore, it is very necessary to retrain chatter in machining process. In this work, the chatter mechanism was analyzed in machining thin-walled workpiece of SiCp/Al composites by RUM and a dynamic stability model was built. The modal parameters of an ultrasonic tool and a thin-walled plate of SiCp/Al composites reinforced with 45% volume SiC particles and the grinding force coefficient were identified by modal experiments and cutting experiments. On the basis of this modal, the stability lobe diagram was obtained by MATLAB and the processing stability of part was analyzed. Next, three points in different area of lobe diagram were chosen and the cutting experiments were performed according to relevant cutting parameters.
STABILITY ANALYSIS METHOD
Grinding chatter is a kind of self-excited vibration, and it does not have external motivation. The alternating cutting force generated in grinding system when the stable grinding state is disturbed by other factors supplies energy to maintain the vibrational state. The major reason of grinding chatter is regeneration effects of grinding wheel and workpiece.
In the process of rotary ultrasonic machining of thin-walled part of SiCp/Al composites, the stiffness of thin-walled part is low and the grinding force will fluctuate when machining process is disturbed such as the tool collides with SiC particles in SiCp/Al composites. The phenomenon of cutter relieving will occur and it will result in the change of grinding depth, then the stable grinding state will be destroyed and chatter will appear.
The system characteristic equation describes the intrinsic attribute of a mechanical structure and it is not influenced by the variation of input and output variables. The distribution of latent roots can reflect the system status, and the general form of latent roots is: s=δ+iω. The relations between δ and system stability are given as follows:
(1) When δ=0, system is in a critical stable state; (2) When δ>0, system is in a unstable state; (3) When δ<0, system is in a stable state. b lim can be expressed as follows:
The spindle speed n can be expressed as: ω n and ξ can be obtained by modal experiment, and k w can be obtained by cutting force experiment.
IDENTIFICATION OF CRITICAL PARAMETERS
Modal Experiments. The modal experiments were carried out on a rotary ultrasonic machining center (DMG Ultrasonic70-5) using LMS test model analysis system (LMS-SCADAS-Ⅲ) and the modal parameters of tool system and thinwalled part were obtained. The tool was provided by SAUER Diamond Tools Corp. and the brand was MT-ER20-i//Do.Φ12.0-2-6-40-D91H-MES3-Kz.N. The outside diameter of tool was 12mm, the inside diameter of it was 10mm, the mean grain size was 91μm, and the ultrasonic vibration frequency and amplitude were 38500 Hz and 10m respectively. The workpiece was thin-walled plate of SiCp/Al composites reinforced with 45% volume SiC particles and the average reinforcement size was 3μm. Figure 1 shows the workpiece and its dimensions.
The main test equipments included data acquisition system of LMS, hammer, and acceleration sensor. Multiple point excitation and fixed point measurement were used in experiment. The experiment is shown in Figure 2 . The tool mode parameters of the first order and second order are shown in Table 1 , and the thin-walled plate mode parameters of the first order and second order are shown in Table 2 . The first order modes of tool and workpiece are the most significant for chatter in machining process, and the higher modes have little effect on chatter, so the processing stability analysis only aims at the first order modes. Identification of Grinding Force Coefficient. The identification of grinding force coefficient aims at normal grinding force which causes grinding chatter, and it is based on a rapid calibration method of cutting force parameters proposed by E.Budak [9] . The normal grinding force F x can be written as:
where f r is grinding feed (mm/r); a p is grinding depth (mm); k w is grinding force coefficient. Based on Eq. (3), the grinding force coefficient can be obtained by cutting force experiments.
STABILITY ANALYSIS OF THIN-WALLED WORKPIECE
Lobe Diagram of Stability. The first order natural frequency of thin-walled plate was used to analyze the stability of workpiece because of it is far lower than that of tool. The lobe diagram of stability is shown in Figure 3 . The stability lobe diagram is divided into three areas: 1) Area Ⅰ is unconditionally stable processing region. 2) Area Ⅱ is conditionally stable processing region.
3) Area Ⅲ is unstable processing region. Cutting Experiments. Three points in lobe diagram are selected, as shown in Fig.3 . The point 'a' and point 'b' are stable processing points, and point 'c' is an unstable processing point. The machining position is at the top of a thin-walled plate, and the cutting parameters and surface roughness after machining are listed in Table 3 . As shown in Table 3 , the value of Ra of point 'c' is maximal.
The experimental results indicate that the processing is stable when the cutting parameters are selected in area Ⅰ or area Ⅱ of lobe diagram and that is unstable when the cutting parameters are selected in area Ⅲ of lobe diagram. 
CONCLUSIONS
Aiming at the thin-walled plate made of SiCp/Al composites reinforced with 45% volume fraction, the stability analysis and cutting experiments were carried out based on the dynamic stability modal in this work. The experimental results reveal that the better surface quality could be obtained when the cutting parameters are selected in stable area of lobe diagram and the surface quality is poor when the cutting parameters are selected in unstable area of lobe diagram. It indicates that the spindle speed and cutting depth could be chosen optimally and the grinding chatter could be prevented effectively by this stability analysis method in rotary ultrasonic machining of thin-walled workpiece.
